Introduction
Following the introduction of liver transplantation as a treatment for end-stage liver disease, a high incidence of osteoporosis was reported post-operatively. High rates of bone loss and fracture were documented in the first 6-12 months post-transplant, resulting in significant morbidity. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Many risk factors for bone disease were recognized, including glucocorticoid therapy and other immunosuppressive agents, vitamin D insufficiency, poor nutrition, hypogonadism and pre-existing bone disease.
Since these early studies were reported, there have been a number of changes in the management of patients undergoing liver transplantation. In particular, the dose and duration of glucocorticoid therapy for immunosuppression have been reduced substantially and many centres now have management protocols to identify and treat individuals at risk of fracture, both before and after transplantation. However, the impact of such measures on fracture incidence has not been reported formally. The aim of this study was to examine fracture incidence in our Liver Transplant Unit over a 10-year period, following the introduction of a protocol for bone health assessment and management in patients undergoing liver transplantation.
Materials and methods
An audit was performed at the Liver Transplant Unit at Addenbrooke's Hospital, Cambridge, UK. This was approved by the Addenbrooke's Hospital Clinical Governance and Audit Department. All patients who underwent their first deceased donor orthotopic liver transplantation (OLT) between 2 January 1998 and 31 December 2007 were included. This period was chosen to match the introduction of bone health assessment and treatment of osteoporosis. Patients who had undergone liver transplantation prior to that date were excluded even if a subsequent transplant was undertaken between 1998 and 2007. The follow-up time was set from 2 January 1998 to 31 December 2008 and the audit was performed between 2 January 2009 and 4 June 2010.
Data were retrieved from the patients' hospital notes, the liver transplant unit database and Addenbrooke's Hospital electronic records (eMR and iSOFT). All notes were reviewed carefully for data on age at time of transplant, height, weight, gender, alcohol use, tobacco use, underlying liver disease, use of bone-protective medication, calcium and vitamin D supplements, glucocorticoid and other immunosuppressive drugs and a history of fractures. Bone mineral density (BMD) in the lumbar spine (L1-L4) and proximal hip was measured by dual energy X-ray absorptiometry (DXA) using a Hologic bone densitometer (Hologic QDR 4500A, Hologic Inc., Bedford, MA, USA). The short-term in vivo precision of measurement at these two sites is 1 and 1-2%, respectively. Total hip BMD T-scores were calculated using data from the National Health and Nutrition Examination Survey (NHANES) reference female population. For fractures reported in the patient records, confirmation was obtained from an X-ray report. In addition, all available lateral spine X-ray reports were reviewed.
The Liver Transplant Bone Protocol, introduced in 1997, consists of a bone health assessment pretransplant including BMD measurement by DXA and a lateral spine X-ray. For any patient with a BMD T-score <À1.5 and/or a previous fracture bisphosphonate therapy is recommended with repeat BMD measurement in 1 year. Subsequently, bisphosphonate use is reviewed and maintained if BMD remains low and/or glucocorticoid therapy is continued beyond 1 year. Calcium and vitamin D supplements are recommended for vitamin D-deficient subjects. 
Statistical analysis

Results
Among the patients undergoing liver transplantation between 2 January 1998 and 31 December 2007 at Addenbrooke's Hospital, 592 subjects were eligible to be included in this audit. We were able to retrieve the notes from 446 (96.7%) patients who are still alive and 85 (64.9%) of those who died during the follow-up period. Of these patients, 49 included in the audit underwent a second transplant during the study period. There were no significant differences in age, gender or BMD between the deceased and non-deceased subjects. Characteristics of the patients at the time of transplantation are shown in Table 1 . BMD was measured in 67.4% of subjects before the transplant and a spine X-ray was performed in 86.1%. Osteoporosis (BMD T-score 4À2.5 in the hip and/ or spine) was diagnosed in 18% of the patients in whom BMD was measured. Prior to liver transplantation, 6.1% of patients were on bone-protective medication and 15.8% were on calcium and vitamin D supplements. A history of previous fracture was reported in 5.6% of the patients. These data are shown in Table 2 .
During the follow-up period, 22.1% of the patients died (mean 61.4 months, range 0-131 months). Prednisolone was prescribed in 97.8% of patients and the median prednisolone regimen duration was 3 months (range 0-120 months). The other most commonly prescribed immunosuppressive drugs were tacrolimus and azathioprine. These data are shown in Table 3 .
The cumulative incidence of fracture in the follow-up period is shown in Figure 1 . During this period 20 clinical fractures were recorded (Tables 4  and 5 ) in 19 patients. One subject presented with a spine fracture and a rib fracture at two different time points. The median time from transplant to fracture was 12 months (range 2-83 months). Fifty-five percent of incident fractures were vertebral fractures (Table 5) .
At least one BMD measurement was performed post-transplant in 48.3% of the subjects. A new diagnosis of osteoporosis was made in 1.7% of these individuals and the overall prevalence of osteoporosis after transplant was 17.7%. BMD measurements before and between 24 and 48 months after transplant were available in 52 patients ( Figure 2 ). There was a significant increase in the spine T-score after transplant [-1.73 (SD 1.39) vs. -1.09 (SD 1.62), pre-transplant vs. post-transplant, P < 0.0001], but no significant change in total hip T-score [À1.05 (SD 1.02) vs. À1.11 (SD 0.96), P = 1.0] ( Table 4) .
Bone-protective medication was taken by 29.5% of patients after transplantation (Table 4) . These patients were more likely to be females (49 vs. 33.4%, P < 0.0001) and to have a T-score lower than À1.5 at the hip and/or spine at any time (73.9 vs. 32.3%, P < 0.0001) (data not shown). Similarly, calcium and vitamin D supplementation, taken by 37.8% of subjects post-transplant, was more common in women (48.5 vs. 32.5%, P < 0.0001) and in patients with a T-score lower than À1.5 at the hip and/or spine at any time (68.7 vs. 32.5%, P < 0.0001).
Subjects with incident fracture were older (P < 0.01), were more commonly women (P < 0.01) and had taken prednisolone for longer posttransplant (P < 0.01). Additionally, bone-protective *Values are represented as n/n total (%) unless otherwise noted. medication (P < 0.05) and calcium plus vitamin D (P < 0.01) were more likely to be prescribed after an incident fracture (Table 6 ). There were no significant differences between the subjects with and without incident fracture after Bonferroni correction for multiple comparisons.
Discussion
The results demonstrate a low incidence of fracture following liver transplantation in this centre over the past 10 years. In common with other groups, we had reported a high incidence of fractures in the early post-operative period; 27% of 37 adults undergoing liver transplantation between 1993 and 1995 developed new vertebral fractures within the first three post-operative months. 14 In contrast, this audit of the years 1998-2008 demonstrated a fracture incidence post-transplant of only 3.7%.
The reasons for the lower fracture incidence in recent years cannot be defined precisely on the basis of this audit, but are likely to include reduction in the dose and duration of glucocorticoid therapy and the use of bone-protective therapy in individuals at high risk of fracture. In the early days of liver transplantation, very large doses of prednisolone were used for prolonged periods, whereas much lower doses are used now and for shorter periods. For example, in the early 1990s the starting dose of prednisolone used in most patients in the 1980s was 60 mg/day falling to 30 mg/day in the early 1990s and this was continued for 6 months with gradual reductions thereafter. In contrast, in current practice the initial dose is 20 mg/day with the aim of stopping glucocorticoids between 6 and 12 weeks for patients transplanted for conditions other than autoimmune liver disease. Further, some patient groups such as those transplanted with hepatitis C virus infection are not treated with glucocorticoids at all. Secondly, an established standard protocol for bone health assessment prior to transplantation identifies individuals at high risk of fracture for bone-protective therapy before and after transplant. Both these changes in clinical practice are likely to have contributed to the low-fracture incidence post-transplant. In addition, it is possible that improved nutritional support prior to and after transplantation may have played a role. Evidence for better bone health prior to transplant can be obtained from a comparison of the prevalence of osteoporosis (BMD T-score 4 À2.5) in earlier and later studies from this centre. Thus, we reported osteoporosis in 36.6% of 243 consecutive patients undergoing liver transplantation in the early to mid-1990s, 18 whereas osteoporosis was present in only 18% of patients pre-transplant in the present study. Furthermore, the prevalence of fracture prior to transplantation was low (5.6%) in this study.
In the general population, the use of clinical risk factors in addition to BMD is widely used to improve prediction of fracture risk, using tools such as FRAX Õ , the WHO-supported risk algorithm. [19] [20] [21] [22] While this approach is reasonably well validated at a population level, risk factors for fracture posttransplantation are less clearly documented. Older age, 8, 15, 23 the presence of a prevalent vertebral fracture prior to transplantation 8, 15 and in some studies, chronic cholestatic liver disease, 3, 13 have been associated with increased fracture risk in patients undergoing liver transplantation, but a clear relationship with BMD has not emerged from most studies. The contribution of other clinical risk factors such as smoking, alcohol abuse and a parental history of a fractured hip to fracture risk in the transplant population has not been assessed and requires further study. However, at present it seems Values are represented as n/n total (%) unless otherwise noted. NS = non significant.
reasonable to recommend bone-protective therapy in all patients with a previous history of fragility fracture and/or those with low BMD, although the threshold for the latter is arbitrary and to some extent age dependent. The T-score of 4À1.5 chosen in this centre was based on the UK guidelines for glucocorticoid therapy; 24 however, because of the strong independent effect of age on fracture risk, treatment might be advised at a higher BMD in elderly subjects and a lower BMD in younger subjects.
Although a standard management protocol was in place during the period of the audit, not all individuals who fulfilled the criteria for bone-protective therapy received treatment. Thus, $30% of patients received treatment post-transplant, while 47.7% had a BMD T-score 4À1.5 before the transplant. We were not able to identify the reasons for this apparent under-treatment in the audit; only oral bisphosphonates were approved for osteoporosis during almost the whole period of the audit and contraindication to or intolerance of oral bisphosphonate therapy is likely to have prevented treatment in some cases, particularly those with a history of haemorrhage from oesophageal varices. In the relatively small number of cases in whom BMD measurements were available before and 24-48 months after transplantation, there was a significant increase in BMD in the spine, but not the hip. Other studies have mostly demonstrated an increase in BMD after the first year or so after transplantation, although recovery in the hip may be slower than in the spine. 16, 25, 26 A number of studies have investigated the effect of bone-protective therapy in patients undergoing liver transplantation. 17, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] However, these have often been relatively small and not all have been randomized or controlled; while beneficial effects on BMD have been demonstrated in some, none has been adequately powered to demonstrate reduction in fracture. Most data exist for the bisphosphonates pamidronate, alendronate and zoledronate, all of which have been shown to reduce or prevent bone loss in the spine and in most cases, also the proximal femur. Of these, zoledronate may be the most appropriate treatment option in many of the liver transplant population in view of its intravenous mode of administration and infrequent dosing regimen. However, although untested in the transplant population, once yearly infusion of 5 mg is likely to be adequate 37 rather than the more frequent dosing regimens used in the studies reported to date. 34, 35 Our study has several limitations. It was not possible to retrieve all the medical records of patients undergoing liver transplant during the audit period, particularly of those who had died. For those in whom records were available, there were some missing data, for example, only about two-thirds and one-half, respectively, of patients had BMD measurement before and after transplantation. Similarly, only 59 patients had a spine X-ray both before and after transplantation and since the majority of vertebral fractures are asymptomatic, 38 it is possible that the incidence of vertebral fractures was underestimated. Finally, we relied on medical records and X-ray reports for fracture diagnosis and this provides another possible reason for underestimating fracture incidence.
In summary, our audit has demonstrated a low incidence of clinical fracture in patients undergoing liver transplantation in our unit over the period 1998-2008. This is likely to reflect reduction in the total dose of glucocorticoids used for immune suppression and the use of bone-protective therapy in individuals at high risk of fracture. Bisphosphonates provide a rational approach to the prevention of fracture in the transplant population; because of its low cost, alendronate is the front-line option, but intravenous zoledronate should be considered in patients who cannot take or are intolerant to alendronate and in those unlikely to be compliant with long-term oral bisphosphonate therapy. The optimal duration of therapy has not been defined but in view of the tendency for BMD to improve 1-2 years post-transplant and the prolonged action of zoledronate, one dose may be sufficient for many patients.
